A variety of agricultural and industrial chemicals have purposely or inadvertently been introduced into the vadose zone (Böhlke, 2002; Hamilton et al., 2007) . Although many of these chemicals serve benefi cial purposes, some may pose a risk to food and water supplies, as well as soil quality. For example, the presence of heavy metals and salts in the root zone can diminish soil fertility and crop yields (Mass and Hoff man, 1977; Wani et al., 2007) . Furthermore, infi ltrating water can leach chemicals such as nutrients (Kellogg et al., 2000) , pesticides (Arias-Estévez et al., 2008) , hormones (Hanselman et al., 2003) , and antibiotics (Peterson et al., 2000) from the vadose zone to groundwater that serves as drinking water. Accurate knowledge of transport processes in the vadose zone is therefore needed to predict the chemical transport potential in risk assessment and in the design of remediation and management practices.
Mathematical models are commonly used to predict solute transport in the vadose zone (van Genuchten and Shouse, 1989; Jury and Roth, 1990; Bajracharya and Barry, 1997) . Deterministic formulations for fi eld-scale conservative solute transport have commonly been based on solution of the convection-dispersion equation (CDE) (Bear and Bachmat, 1967) or the mobile-immobile model (MIM) (van Genuchten and Wierenga, 1977) . Th e conceptual model choice provides one source of uncertainty in solute transport predictions (Roth et al., 1991) . Parameter values that are required by these models are typically measured in the laboratory on small-scale core samples (Hopmans et al., 2002) or are estimated from literature values. Uncertainty in model parameter values provides another source of error in predictions (Jury and Fluhler, 1992) .
To validate model predictions, a limited number of fi eldscale solute transport experiments have been conducted in the vadose zone (Biggar and Nielsen, 1976; Jury et al., 1982; Jury and Sposito, 1985; Hills et al., 1991; Jaynes and Rice, 1993; Casey et al., 1998; Al-Jabri et al., 2002; Abbasi et al., 2003) . Deviation between model predictions and fi eld observations, however, has frequently been observed (Hills et al., 1991; Roth et al., 1991) . A variety of explanations have been proposed for these observations, such as lack of information on the heterogeneous distribution of soil hydraulic and solute transport properties, spatial variability in initial and boundary conditions (Jury and Fluhler, 1992) , and scale dependency of solute transport parameters . In some cases, unstable or preferential fl ow has also been demonstrated to have a pronounced infl uence on solute transport in the vadose zone (Li and Ghodrati, 1997; Ghodrati et al., 1999; Vanderborght et al., 2000) . Due to all of these complexities, a variety of solute transport model O R Conserva ve solute transport experiments were conducted at a fi eld plot and on an undisturbed soil core from the same site. The hydraulic and solute transport proper es were extensively characterized so that the data could be analyzed from a determinis c perspec ve. To inves gate the infl uence of scale and conceptual model on solute transport in the rela vely homogeneous upper soil profi le of the fi eld site, breakthrough curves that were collected at diff erent depths in the undisturbed column and in the fi eld experiments were compared and analyzed. The mobile-immobile model provided a physically realis c descrip on of the column data that was largely independent of the transport distance, and upscaling from the undisturbed core to the fi eld plot was rela vely successful. Mean and variance of the Br − travel mes were controlled by plot-scale variability in soil water content and heterogeneity, which was overcome by averaging the concentra on values from four loca ons at the same depth and me, and analyzing the Br − transport behavior as a one-dimensional process. Diff erences between the measured and simulated mass balances, average concentra on, and the varia ons in concentra on were predicted reasonably well across depth and me. Although predic on of the exact concentra on informa on at a given point was not achieved, this study demonstrates that areaaverage Br − transport in a heterogeneous vadose zone can be determinis cally quan fi ed.
formulations have been developed based on stochastic methods, stream tube models, scaling approaches, and inverse simulations (Jury, 1985; Zhang et al., 2003; Zhu and Mohanty, 2002; Th omasson et al., 2006) . Several reviews have recently appeared in the literature on these topics (Harter and Hopmans, 2004; Vereecken et al., 2007) . Th e overall objective of this study was to investigate the transport behavior of Br − in the heterogeneous vadose zone of a fi eld plot. To this end, transport experiments were conducted at the fi eld plot and on an undisturbed soil core from the same site in which the hydraulic and solute transport properties were extensively characterized so that the data could be analyzed from a deterministic perspective. Our specifi c objectives were: (i) to validate the upscaling of transport parameters in the upper soil profi le of the fi eld site; and (ii) to demonstrate the ability to deterministically quantify Br − transport in a heterogeneous vadose zone.
Materials and Methods

Field Experiment
Th e experimental fi eld site is located in San Jacinto, CA (33°50′22″ N, 117°00′46″ W), next to a dry river bed and has a shallow perched water table at a depth of 200 cm. Th e experiments that are discussed here were conducted on a 6-by 6-m plot (Fig. 1) . Five neutron access tubes (220 cm long) were installed vertically in the plot (Fig. 1 , circle marked with Roman numerals). Th e water content with depth at desired times was determined using a neutron probe (503 DR Hydroprobe, CPN Int., Martinez, CA) and a calibration curve established in this soil profi le.
At the corners of the plot, a backhoe was used to expose the soil profi le and to install 120-cm-diameter by 220-cm-long culvert pipes vertically in the soil (Fig. 1 , circles marked with letters). Each culvert pipe was instrumented with six tensiometers and six solution samplers to measure the soil water pressure and to extract the soil solution with depth. Tensiometers and solution samplers (90 cm in length) were installed horizontally from the culvert pipe into the undisturbed soil profi le. Th e average depths of the tensiometers were 31, 61, 87, 113, 139 , and 159 cm and of the solution samplers were 32, 62, 95, 126, 155 , and 170 cm. Th e average standard deviation of the sensor depth was 6.1 cm. Th e solution sampler at 32 cm in the culvert pipe at Location D did not function during the experiment. A staggered confi guration of the sensors in the culvert pipe was selected to minimize the potential for preferential fl ow and interference from other sensors and to maximize the area of the profi le that was sampled (Fig. 1) . Th e arc in Fig. 1 represents the area of water potential and soil solution sampling. Pressure transducers (MPX2100DP, Motorola Ltd., Denver, CO) and a data logger (CR7, Campbell Scientifi c, Logan, UT) recorded the tensiometer readings every 15 min.
To minimize the sampling time of the solution samplers, it was necessary to increase the water fl ux through the sampler. Th is was accomplished by replacing the traditional ceramic cup with fi lter paper (MF-0.45 mm, Millipore, Billerica, MA) that had a high saturated conductivity (60 cm h −1 ) and a small thickness (180 μm). It should be mentioned that we decided to directly collect the soil solution in the fi eld instead of using the time domain refl ectometry (TDR) technique because accurate recovery of total Br − using TDR is hindered by: (i) the heterogeneity of the soil profi le, which induces variable water contents; and (ii) the background salinity of irrigated mineral soils (Vogeler et al., 2001) . Th e solute travel time and center of mass measured by TDR (Kachanoski et al., 1992 ) therefore provides only limited information on solute transport under heterogeneous fi eld conditions.
A detailed description of soil stratigraphy, hydraulic properties, and water fl ow patterns at the fi eld plot was given by Segal et al. (2008) . Only an abbreviated discussion is given below. Th e soil cores from the neutron access tube installation at the fi eld site (Fig. 1) were collected and cut into 15-cm intervals for particle size distribution (PSD) analysis. Figure 2A presents For measurements of bulk density (ρ b ) and hydraulic properties, undisturbed soil cores were collected vertically from locations on the boundaries of the plot next to the neutron access tubes (I, II, and V in Fig. 1) , with samples taken every 30 cm from the soil surface to a depth of 150 cm. Average soil ρ b values are presented F . 1. A schema c illustra on of the fi eld site. The le square represents a 6-by 6-m plot. Circles with le ers are 220-cm-long, ver cal culvert pipes installed with six tensiometers and six soil solu on samplers. Circles with roman numerals are ver cal neutron probe access tubes and the arcs represent the area of sampling. The right-hand side is an enlargement of the instrumenta on in the culvert pipes. The actual average installaon depth of the tensiometers and solu on samplers is provided.
in Fig. 2b ; the horizontal bars provide the standard deviations. Consistent with the PSD information presented in Fig. 2A , the ρ b values from the upper sandy loam layer (0-70 cm) were around 1.35 g cm −3 and exhibited low variability, the sandy layer (70-80 cm) had a high ρ b of 1.55 g cm −3 , and the ρ b values from the lower profi le (>80 cm) were around 1.3 g cm −3 and had high variability due to the presence of sandy and silty clay loam lenses in the loam. Retention curves and the saturated hydraulic conductivity (K s ) were measured on undisturbed cores that were taken from two locations on the boundaries of the plot next to the neutron access tubes at Locations II and V and six depths (30, 60, 75, 90, 120, and 150 cm) . A steady-state conservative tracer (KBr) experiment was conducted on the plot. Th e tracer experiment was conducted on a bare soil, after plowing the upper 20 cm of the soil. Th e water application method has been found to have an eff ect on solute transport parameters (Jaynes and Rice, 1993) . We used a 0.2-by 0.2-m staggered grid, drip irrigation system (Typhoon 630, Netafi m, Fresno, CA) to uniformly apply small water and solute fl uxes to the soil surface that induced unsaturated fl ow conditions in the upper 120 cm of the soil profi le. Th e surface boundary condition was a steady infi ltration rate of 0.275 ± 0.025 cm h −1 . Th e soil surface was covered with a black nylon tarp to avoid water evaporation during the tracer experiment. Th e value of the soil water pressure head, h (m), with depth was continuously monitored using tensiometers in the culvert pipes, and the water content, θ, distribution in the profi le was measured using a neutron probe throughout the tracer experiments.
When a steady-state water fl ow condition was established in the soil profi le after 100 h, the water application system was switched from well water to the KBr solution for 47 h and then switched back to well water for an additional 280 h. Th e KBr solution had 2.4 g L −1 Br − , and was mixed well before and during application. Soil solution samples were collected during an interval of 24 h and analyzed for Br − concentration with a calorimetric system (Flow Solution IV, O.I. Analytical, College Station, TX). Th e Br − data from the fi eld are presented at the median time of the sampling interval. Following completion of the Br − transport experiment, the water content and pressure head in the soil profi le was monitored during drainage for an extra 14 d so that the soil hydraulic properties of the root zone could be determined according to the instantaneous profi le method (Watson, 1966) .
Additional information was collected to evaluate the transverse dispersivity (λ T ) in the root zone (0-60 cm) and the eff ect of a nonuniform upper boundary condition on the soil water and Br − application uniformity. An experiment at the boundary of the plot (next to the neutron access tube at Location I) was conducted with four emitters in a 40-cm staggered grid. A constant water fl ux of 0.55 cm h −1 for 48 h was applied to achieve a steadystate fl ow condition in the upper 30 cm of the soil profi le, which was verifi ed with stable water content measurements (TDR 100, Campbell Scientifi c, Logan, UT) with time at the center of the grid. Subsequently, the well water was switched to a KBr solution (2.4 g L −1 of Br − ) that was mixed well before and during application. Soil cores were sampled and analyzed for water content and Br − as a function of distance from each emitter at a specifi c depth (30 cm) and time (24 h after the Br − pulse had been initiated). Twenty soil cores, 2.5 cm long (1.25 cm in diameter), were collected at 0, 5, 10, 15, and 20 cm from the four emitters. Th e transverse dispersivity of the root zone was estimated by fi tting simulation results to experimental data (Table 1) using the nonlinear least squares optimization routine in HYDRUS-2D.
Laboratory Experiment
An undisturbed core was taken from the fi eld site to study the transport of KBr in the laboratory. Th e core was sampled just outside of the fi eld plot adjacent to the neutron access tube at Location V (Fig. 1) . Th e core length was 65 cm and the internal diameter was 24 cm. An acrylic cylinder with a sharp edge at the bottom was pushed into the soil with a hydraulic piston. Th e core was dug out and brought to the lab in a polyvinyl chloride sleeve with caps on both ends. Th e core was subsequently situated in a temperature-controlled laboratory with a ceramic plate (bubbling pressure of 100 kPa) at the bottom (Soilmoisture Equipment Corp., Santa Barbara, CA). Two tensiometers (Soilmoisture Equipment Corp.) connected to pressure transducers (143PC05D, Honeywell, Morristown,NJ) were installed at 15 and 45 cm from the soil surface to monitor the matric potential throughout the experiment.
In contrast to the fi eld study, TDR probes were preferred over direct solution sampling in the one-dimensional column study because of the relatively uniform soil profi le in the upper 65 cm and the ability to recover all of the Br − in the effl uent. Two TDR probes (three rods of 20-cm length and 3.175-mm diameter), connected to a TDR100 (Campbell Scientifi c, Logan, UT), were installed at 30-and 52.5-cm depths to monitor the water content and the soil apparent electrical conductivity (EC a ) throughout the experiment (Ward et al., 1994) . A CR10X datalogger (Campbell Scientifi c) was used for data acquisition at 15-min intervals during the tracer experiment. Th e soil solution was also sampled at the column output (65 cm) with time (in 1-h intervals) and analyzed for electrical conductivity (EC). Th e column was located on a balance (CD-11, Ohaus, Pinebrook, NJ) so that the total mass of the column throughout the experiment could be monitored to ensure steady-state water fl ow.
Th e soil surface boundary condition during the tracer experiment was a steady-state infi ltration rate of 0.396 cm h −1 that was applied uniformly to the column surface using a high-performance liquid chromatography pump (Series II, LabAlliance, State College, PA) and a plastic pouch with membrane wall (Sisson and Shouse, personal communication, 2007) . Th e lower boundary condition was adjusted by using the hanging water column method and set to be h = −32.5 cm. Th is value matched the measured h at this depth in the fi eld plot during the tracer experiment. After a steady-state fl ow condition was established with well water from the fi eld site (verifi ed with tensiometer, TDR, and balance readings), KBr solution was applied for 47 h and switched back to well water for an additional 200 h. Th e KBr solution consisted of 2.4 g L −1 of Br − (EC of 4.5 dS m −1 ) that was continuously mixed during application. Bromide concentrations were correlated to the EC a values (Ward et al., 1994 ) that were measured with the TDR probes or the solution EC of the effl uent measured with an EC meter (M33.1, Agricultural Electronics, Montclair, CA). Th e background EC a in the soil based on the TDR readings, background EC in the effl uents, and Br − mass balance was used to determine the maximum concentration of Br − at each depth.
A drainage experiment was also conducted on the soil core to investigate the similarity of the core and the fi eld hydraulic properties at the plot. Th e drainage experiment was initiated by connecting the bottom outlet of the core to a reservoir fi lled with well water, which was lifted to achieve zero pressure head at the soil surface and to saturate the core. Th e soil surface was covered with a nylon tarp to avoid evaporation. After the soil core was saturated, the water table was dropped 35 cm below the ceramic plate. Pressure heads, water contents, and weight were subsequently recorded for 33 h during the drainage process.
Simula ons
HYDRUS-1D (Šimůnek et al., 1998) was used to simulate the drainage and transport of Br − in the undisturbed core. In addition, it was used to simulate the transport of Br − in the root zone of the field plot. The governing equation for water flow that was solved is (Richards, 1931) 
where θ is the volumetric water content (m 3 m −3 ), h is the soil water pressure head (cm), K is the hydraulic conductivity (cm h −1 ), t is time (h), and z is the distance in the vertical direction (cm). Th e van Genuchten-Mualem hydraulic model (van Genuchten, 1980) 
where θ s and θ r are the saturated and residual volumetric water contents (m 3 m −3 ), respectively, K s is the saturated hydraulic conductivity (cm h −1 ), and α VG (cm −1 ), n VG , and m VG are soil-specifi c water retention curve parameters. Solute transport was quantifi ed using the MIM equations (van Genuchten and Wierenga, 1977) : Th e drainage process in the undisturbed core was simulated using HYDRUS-1D to obtain an independent estimate of the hydraulic properties. Th e total simulation domain was 66 cm in length, with the upper 65 cm consisting of a sandy loam soil and the bottom 1 cm representing the ceramic plate. Th e porosity and saturated hydraulic conductivity of the 1-bar ceramic plate was 0.45 and 0.031 cm h −1 . Th e column was initially saturated, and the value of h was therefore linearly distributed from 0 at the top of the column to 66 cm at the bottom of the column. Th e upper boundary condition during the drainage simulation was zero fl ux and the bottom boundary condition was a constant pressure head of −35 cm. A total of 33 h of water drainage was simulated under these boundary conditions. Th e parameter values of the hydraulic property model were obtained by fi tting the simulation results to the measured data using a nonlinear optimization routine in the model. Th e fi tted hydraulic properties for the undisturbed soil core are given in Table 2 .
Bromide transport through the undisturbed soil core and the root zone of the fi eld plot were also simulated using HYDRUS-1D. Initially, the soil profi les were assumed to have zero Br − and to be under hydrostatic conditions. Th e upper boundary for water fl ow was a constant fl ux of 0.396 cm h −1 in the undisturbed core and 0.275 cm h −1 in the fi eld. After 50 h of simulated water fl ow, the Br − tracer solution (2.4 g L −1 ) was added for a specifi c pulse duration (47 h) using a third-type boundary condition and then fl ushed with water for an additional 200 h. Th e lower boundary (z = 65 cm in the core and z = 60 cm in the fi eld) was similar to the fi eld-measured h at this depth and modeled as a constant-head boundary condition (h = −32.5 cm in the core and h = −35 cm in the fi eld). Th e solute transport parameters λ MIM , θ im , and α were estimated by fi tting experimental data from the core to simulated data using the nonlinear least squares optimization routine in HYDRUS-1D.
Th e HYDRUS-2D code (Šimůnek et al., 1999 ) was used to simulate the two-dimensional water fl ow and Br − transport at the fi eld site during the tracer experiment under a nonuniform upper boundary condition (drip) and when considering a heterogeneous distribution of hydraulic properties in the lower profi le (depths >80 cm). In this case, equations analogous to Eq. [1] and [3] were used, but for two spatial dimensions. Based on the plot size and the profi le depth, the simulation domain was selected to be 200 cm in the vertical direction and 500 cm the horizontal direction. Th e simulated profi le was consistent with the stratigraphy that was determined from the PSD and bulk density information (Fig. 2) . In particular, the simulation considered a sandy loam layer from a depth of 0 to 60 cm, a sand layer from a depth of 70 to 80 cm, and a heterogeneous loam layer from 80 to 175 cm that contained lenses of sand and silty clay loam. Segal et al. (2008) provided a complete description of how the heterogeneous distribution of hydraulic properties in the lower profi le were generated from measured PSD and ρ b information, hydraulic properties measured on core samples, pedotransfer functions, and interpolation algorithms. Table 2 provides values of the measured hydraulic properties for these simulations. Th e MIM transport parameters for each soil layer and lens were based on the fi ndings of the current study (depths of 0-70 cm) or were estimated from literature values (Casey et al., 1998; Zurmuhl, 1998; Al-Jabri et al., 2002; Abbasi et al., 2003) . Th e transverse dispersivity of other textures was assumed to be 50% of the measured literature values of the longitudinal dispersivity (λ L ).
For the HYDRUS-2D simulations, the fi eld soil profi le was initially assumed to have zero Br − and to be under hydrostatic conditions. A nonuniform water application at the upper boundary was simulated using a drip-line source with 20-cm spacing. Th e upper boundary for water fl ow was a constant fl ux of 0.275 cm h −1 . After 96 h of simulated water fl ow, the Br − tracer solution (2.4 g L −1 ) was added for a specifi c pulse duration (47 h) using a third-type boundary condition and then fl ushed with water for an additional 300 h. Th e lower boundary (200-cm depth) was set to a constant water pressure head of 50 cm, where a local rise in the water table was observed and no fl ow was set on the sides of the model domain. Th e average Br − concentrations for each depth at selected times were subsequently calculated.
Results and Discussion
Laboratory Experiment
Th e drainage process in the undisturbed core was simulated to determine the soil hydraulic properties. Th e fi tted hydraulic properties of the soil in the column are given in Table 2 . Th ese values compare favorably with values of the hydraulic properties that were previously measured in the fi eld at this site (Table 2) , suggesting that the undisturbed core provided a reasonable approximation of water behavior under fi eld conditions. A Br − transport experiment was conducted on the undisturbed core that was taken from the fi eld plot to minimize any technical problems that existed in the field studies (i.e., low water application uniformity, long sampling interval, full recovery of the effluent, and temperature variation) and to study the infl uence of scale on Br − transport. Figure 3 presents measured and simulated relative concentrations for Br − in T 2. Hydraulic proper es and transport parameters of undisturbed small cores from two loca ons at several depths in the fi eld, and for a large undisturbed core. the undisturbed core at three depths (30, 52.5, and 65 cm) as a function of time. In this case, the breakthrough curves were simulated using the CDE and MIM models. Th e model parameters (λ CDE or λ MIM , θ im , and α), their 95% confi dence intervals and the coeffi cient of determination, R 2 , are also presented in Fig. 3 . Th e breakthrough curves simulated by the MIM model captured the observed dual slopes at the ascending section and the concentration "tailing" at later times. Th ese fi ndings yielded higher R 2 values than the simulated curves of the CDE model. Th e fi tted parameters are consistent with the published literature under comparable experimental conditions (Poulsen et al., 2006; Al-Jabri et al., 2002; Casey et al., 1998) .
Selection of a proper conceptual model to analyze the solute transport data minimized the uncertainty in the fi eld-scale model predictions. Vanderborght and Vereecken (2007) and a few earlier studies (Butters and Jury, 1989; Wierenga and van Genuchten, 1989) found that fl ow distance has an eff ect on the dispersion coeffi cient determined using the traditional CDE (Eq. [3] with θ im = 0). To study the infl uence of the conceptual model on scaledependent solute transport parameters, we analyzed the solute transport data from the undisturbed core (shown in Fig. 3 ) for each depth using the CDE model. Th e dispersivity of the CDE model (λ CDE ) increased with depth from λ CDE (30 cm) = 1.432 ± 0.015 cm to λ CDE (65 cm) = 1.674 ± 0.024 cm. Although this diff erence is small, if we use the fi tted MIM model parameters to predict the solute breakthrough at a distance of 300 cm and then fi t λ CDE to these data, the value of λ CDE will increase by an order of magnitude to 11.98 ± 0.017 cm. Our fi ndings show that the MIM model provided a more physically realistic representation of solute transport in the undisturbed soil column, and the MIM model was therefore used to analyze the fi eld-scale transport data.
Field Experiment Water Flow
Measured and simulated water content and water pressure head as a function of depth at the fi eld plot during the tracer experiment are presented in Fig. 4A and 4B . Th e pressure head (tensiometers in four culvert pipes) and water content (fi ve neutron access tubes) data are average values at a given depth, and the error represents one standard deviation. High water contents and a positive pressure head value were measured below 150 cm due to the rise of the perched water table during steady-state fl ow. Starting at around 150-cm depth, the pressure head gradually decreased toward the soil surface. Th e value of θ with depth depends on both the pressure head (directly related) and the soil texture. Due to the presence of sand layers, lower values of θ occurred at approximately 90 and 180 cm. Th e measured water status in the undisturbed column during steady-state water fl ow is also illustrated in Fig. 4 . Th e consistent values between fi eld and column data indicate similar water fl ow patterns in these systems.
Th e water content at a depth of 30 cm as a function of horizontal distance from the drip emitter is presented in Table 1 , along with measured standard deviations. Th ese data revealed only minor changes in the horizontal distribution of water content, suggesting that the water distribution in the soil profi le was not signifi cantly aff ected by the drip irrigation system.
Bromide Travel Times
Th e transport of Br − at the fi eld plot is presented in Fig. 5 . Th is fi gure shows measured breakthrough curves (BTCs) for Br − at fi ve depths (32, 61, 95, 126, 155, and 170 cm) and at four locations (the culvert pipes at Locations A, B, C, and D). Th e Br − BTCs from 170 cm were not analyzed due to only partial recovery of the BTCs. In general, the BTCs at a given depth from the four locations were more similar in the root zone (32 and 61 cm) than in the lower profi le (95-155 cm). Discrepancies in the shape and timing of the BTCs at a given depth from the four locations are due to several factors, namely soil heterogeneity, water content, and the location of the solution samplers.
Th e means and standard deviations of the Br − travel times for each BTC are presented in Table 3 , as well as the average and variance of these values at each depth. Minor changes in the variance of the mean travel time were measured in the upper profi le (32 and 61 cm) due to high uniformity in soil texture (Fig. 2 ) and water content (Fig. 4) . In contrast, the variance signifi cantly increased immediately below the sand layer (95 cm). Th is high variability in travel time can be attributed to three reasons, namely: (i) the sand layer was associated with a lower water content (Fig. 4) and consequently a higher pore water velocity; (ii) low permeability lenses just below the sand layer caused lateral fl ow of Br − ; and (iii) variability in the soil permeability directly below the sand layer generated variability in water and Br − mass inputs.
An example of delayed Br arrival and bypassing is observed in the BTCs from the culvert pipe at Location A at depths of 95 and 126 cm (Fig. 5, Table 3 ). In this case, the mean travel time was 280 h at 95 cm, compared with 190 h at 126 cm. Furthermore, highly variable Br − mass input at 95 cm is demonstrated by the signifi cant diff erences in Br − recovery from the BTCs (43-89%). Additional evidence of the complicated Br − transport pattern below the sand layer is the discrepancy between the average water and Br − velocities at 95 cm. Th e mean pore water velocity was 0.98 cm h −1 (based on the average water content), whereas the mean Br − velocity was calculated to be 0.43 cm h −1 (based on average Br − travel time and distance). Th is diff erence implies that changes in the average water content with depth cannot exclusively explain the diff erence in the Br − travel times. In contrast, at depths greater than 126 and 155 cm, the variance in the mean Br − travel time decreased with depth. Th is observation is consistent with a decrease in pore water velocity with increasing water content (Fig. 4) .
Th e average standard deviation in travel time (Table  3) tended to increase with depth, as expected due to dispersion. Similar values occurred at 95 and 126 cm, however, probably due to greater variability in travel times at 95 cm. Th e ratio between the variance and the average value was much larger for the mean travel times than the standard deviations of the travel times. Th is observation suggests that local-scale eff ects on the BTCs were much less signifi cant than plot-scale factors.
Averaging of Bromide Transport
Th e infl uence of soil heterogeneity, water content, and the location of the solution samplers on the tracer data may be overcome by averaging the four collected samples at the same depth and time, and then analyzing the depth-averaged Br − transport behavior. Bromide transport in the root zone and in the lower profi le are discussed separately in detail below due to the diff erences in soil and water fl ow characteristics in these regions noted above.
The observed field measurements of the depthaveraged Br − transport data are presented in Fig. 6 . Th e average relative Br − concentration at a given time is denoted using fi lled circles for the 32-cm depth and empty circles for the 61-cm depth. Integration of the area under the BTC provided very good mass balance at 32 and 61 cm (99.5-102%), which is presented in the fi gure. Th e vertical bars represent standard deviations and the horizontal bars represent the sampling time range (24 h). Standard deviations account for the inherent soil spatial variability and the variable location of each solution sampler. Th e modeled BTCs, base on the MIM transport parameters evaluated in the laboratory, are also depicted in Fig. 6 . Th e modeled curves provide a reasonable prediction of the average measured value of Br − at 32 and 61 cm and total Br recovery. In general, the attempt to independently predict the Br − transport in the root zone by using only laboratory-derived model parameters was fairly successful at this scale. In addition, both one-and two-dimensional simulations (average value of a cross-section at a specifi c depth and time) provided nearly an identical description of the data, indicating that the water fl ow and solute transport in the upper 60 cm of the soil profi le could be described as a uniform, onedimensional process when using our drip irrigation setup and measured values of dispersivity.
Th e water fl ow and solute transport pattern in the lower profi le (70-200 cm) is much more complex than in the root zone (0-70 cm). In particular, the coarse sand layer at about 70 cm generates high water velocities and a lateral component to water fl ow (Segal et al., 2008) . Th e presence of interconnected layers and fi ne-textured lenses of variable thickness below 80 cm produces a location-specifi c pattern of solute transport through the lower soil profi le of the fi eld plot. Two-dimensional solute transport simulations were conducted to study the relative importance of nonuniform boundary conditions and soil heterogeneity on solute transport in the lower profi le. Results indicate that soil heterogeneity is the major contributor to solute transport behavior in the lower soil profi le. Specifi cally, variations in Br − travel time and total mass suggested that the sand layer in conjunction with fi ne-textured lenses slows down the Br − propagation and generates bypassing of water and solute through lower resistance pathways. Yet, the lower water velocities below this region (due to the raised water table) decrease the variability in the mean travel time (Table 3) and generate a more uniform Br − front. Th is fi nding coupled with the fact that the exact soil type that is associated with a particular soil solution sampler is unknown, hampers the application of a completely deterministic approach for describing solute transport in the lower profi le.
Considering the above information, the Br − transport data in the lower profi le is presented in terms of the one-dimensional average concentration (four sample locations) at a specifi c depth as a function of time. Figure 7 presents measured and simulated Br − BTCs in the lower profi le at 95, 126, and 155 cm and the Br − mass recovery under the BTCs. Th e horizontal bars are standard deviations of the concentration measurements. It should be mentioned that the one-dimensional modeling data that are presented in this fi gure were generated from a two-dimensional simulation that was averaged across a specifi c depth at a given time. A transect of spatially heterogeneous hydraulic properties was generated from measurements taken from the fi eld plot that was used as input for this simulation (Segal et al., 2008) . Good agreement between measured and modeled data was found (correlation coeffi cient >84%). In general, travel time and the mass balance of the average Br − concentration with depth were conserved (>88.4% Br − mass recovery). Th e observed and simulated standard deviations have the same order of magnitude as the average value, however, suggesting high variability of Br − at a specifi c depth and time.
Summary and Conclusions
Conservative solute (Br − ) transport experiments were conducted at a fi eld site and on an undisturbed soil core in which the hydraulic and solute transport properties were extensively characterized so that the data could be analyzed from a deterministic perspective. Th e MIM provided a physically realistic description of the column data that was largely independent of the transport distance. In contrast, analysis of these same data using the CDE model indicated that the dispersivity needed to increase with transport distance. Hence, CDE predictions produced increasing errors at longer transport distances. Upscaling of MIM transport parameters from the undisturbed core to the relatively homogeneous root zone of a fi eld plot was successful at the considered scale (<70 cm).
Analysis of the means and variances of Br − travel times indicated that the BTC characteristics were controlled by the soil water T 3. Mean and standard devia on (in parentheses) of Br − travel me at each sampling depth and culvert pipe loca on, and associated average and variance values for each depth. F . 6. Field measurements of the rela ve Br − concentra on with me for the Br − tracer experiment. Data are presented at two depths in the fi eld plot, 32 and 61 cm (circles). Each data point is an average of the four loca ons at the same me and depth. The ver cal bars are standard devia ons and the horizontal bars represent the sampling me range (24 h). The corresponding one-and two-dimensional (depth-averaged) mobile-immobile model (MIM) simula on results are also presented based on transport parameters derived from the undisturbed core.
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content, soil heterogeneity, and soil solution sampler location at the plot scale. Detailed information on the soil heterogeneity in the lower profi le allowed physically realistic simulation of water fl ow and solute transport in this region. Owing to the spatial heterogeneity of soil hydraulic and transport properties and the solution sampler's location in the soil profi le, fi eld measurements and simulation results were converted to a one-dimensional form by average with depth. Th e averaging process utilized concentration values from four locations that were collected at the same depth and time. In this case, comparison between the measured and simulated mass balance, average concentration, and the variations in concentration were predicted reasonably well with depth and time. Although prediction of the exact concentration information at a given point was not achieved, this study demonstrates that area-average Br − transport in a heterogeneous vadose zone can be deterministically quantifi ed. A Th is research was supported by the 206 Manure and Byproduct Utilization Project of the USDA-ARS and an interagency agreement with the USEPA (IAG no. DW-12-92189901-0) . Although this work has been supported by the USDA and the USEPA, it has not been subjected to agency review and does not necessarily refl ect the views of the agency, and no offi cial endorsement should be inferred. Similarly, mention of trade names and company names in this manuscript does not imply any endorsement or preferential treatment by the USDA or USEPA. We would also like to acknowledge the eff orts of Devin Rippner, Mai Lingh Nguyen, Jack Jobes, JoAn Fargerland, Dr. Saeed Torkzaban, and Alan Nguyen in helping to conduct the studies outlined here. We would also like to acknowledge the essential collaboration of Bruce Scott on this project. F . 7. Field measurements (circles) and two-dimensional mobileimmobile model simula on (lines) of rela ve Br − concentra ons with me at (A) 95, (B) 126, and (C) 155 cm. Measured data are average values from four sampling loca ons at the same me and depth. Simulated data are presented as average values at these same depths. The horizontal bars are standard devia ons.
